Obesity is a well-established risk factor for endometrial cancer, the most common gynecologic malignancy. Recent genome-wide association studies (GWAS) have identified multiple genetic markers for obesity. The authors evaluated the association of obesity-related single nucleotide polymorphisms (SNPs) with endometrial cancer using GWAS data from their recently completed study, the Shanghai Endometrial Cancer Genetics Study, which comprised 832 endometrial cancer cases and 2,049 controls (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005). Thirty-five SNPs previously associated with obesity or body mass index (BMI; weight (kg)/height (m)
Endometrial cancer is one of the most common gynecologic malignancies in the United States and many other countries. Although endometrial cancer is relatively uncommon among Chinese women, its incidence has been increasing at an alarming rate. For example, incidence of endometrial cancer among Chinese women in urban Shanghai has increased 90% over the last 2 decades, from 4.0 per 100,000 in 1987 (1) to 7.62 per 100,000 in 2007 (2) . Obesity, typically defined as a body mass index (BMI; weight (kg)/height (m) 2 ) of 30 or higher, is a well established risk factor for endometrial cancer, as summarized by the World Cancer Research Fund (3) . Obese persons have a 4.5-6.25 times' higher risk of endometrial cancer compared with nonobese persons (4, 5) .
The increase in obesity prevalence worldwide over the past few decades (6) may have contributed to the increased incidence of endometrial cancer. In China, the obesity rate reached 7.1% in 2004, a 97% increase compared with the rate in 1992 (7) . The contribution of obesity to endometrial cancer risk among Chinese women has been demonstrated previously (8) (9) (10) .
Although environmental factors are major determinants of obesity risk, genetic susceptibility to obesity is also well recognized. The genetic architecture of BMI and obesity has recently been investigated through the use of genome-wide association studies (GWAS) (11) (12) (13) . To date, 18 studies have identified 96 single nucleotide polymorphisms (SNPs), representing approximately 75 loci, associated with high BMI and/or obesity. While some loci (e.g., FTO, MC4R) have been verified in multiple studies, others have been reported only in discovery samples. Findings have been replicated in other studies for only 13 loci.
The heritability of BMI is estimated to be 0.3-0.7 (14) (15) (16) (17) , which is comparable to that of endometrial cancer (approximately 0.5). The strong relation between BMI and endometrial cancer and the availability of GWAS-identified risk variants for obesity motivated us to evaluate the association of BMIrelated GWAS markers with endometrial cancer. To our knowledge, this is the first study to systematically test the hypothesis that endometrial cancer and measures of obesity share a common genetic architecture. We accomplished this using GWAS data from our recently completed study, the Shanghai Endometrial Cancer Genetics Study. We further evaluated whether associations between these variants and endometrial cancer were mediated by BMI.
MATERIALS AND METHODS

Study population
In the Shanghai Endometrial Cancer Genetics Study, we recruited incident endometrial cancer cases from the Shanghai Endometrial Cancer Study and controls from the Shanghai Breast Cancer Study. Both the Shanghai Endometrial Cancer Study and the Shanghai Breast Cancer Study were populationbased case-control studies. The study design has been described in detail elsewhere (18) . Briefly, through Shanghai's population-based tumor registry, we identified 1,449 female residents of Shanghai aged 30-69 years who were newly diagnosed with endometrial cancer (and had no prior history of cancer) between 1997 and 2003. Of these 1,449 women, 1,199 (83%) were successfully recruited. DNA samples from 839 cases who donated a blood sample for the study were genotyped using the Affymetrix 6.0 platform (Affymetrix, Santa Clara, California). Controls came from the Shanghai Breast Cancer Study, which was carried out during approximately the same time period (1996-2005) using a study protocol identical to that of the Shanghai Endometrial Cancer Study (19) . Controls without a history of cancer were randomly selected from the general population using the Shanghai Resident Registry in 2 phases. The overall response rate for controls was 91% for phase I and 74% for phase II. DNA samples from 2,049 controls were genotyped using the Affymetrix 6.0 platform. Women with a prior hysterectomy were excluded from this study.
Participants completed a detailed in-person interview at the time of enrollment and provided a blood or buccal cell sample. Trained interviewers, who were retired medical professionals, conducted in-person interviews using a structured questionnaire and took anthropometric measurements, including height, weight, and waist and hip circumferences, according to a standard protocol. Indicators of energy balance (i.e., exercise participation and total energy intake) were derived from the questionnaire data (20) . This study was approved by the relevant committees for the use of human subjects at all participating institutions, and all study participants provided written informed consent.
Candidate SNP selection
Our SNP selection scheme is shown in Figure 1 . The US National Human Genome Resource Institute (NHGRI) GWAS catalog (21) was used to identify SNPs previously associated with high BMI and/or obesity. We selected the traits obesity, BMI, weight, waist circumference, and adiposity (or ''anthropometric'' or ''quantitative'' traits that included these) to identify SNPs. By using this approach, we found 96 SNPs previously associated with the above traits by GWAS. We used the following criteria to select SNPs: 1) a P value less than or equal to 5 3 10 À7 in the initial GWAS (n ¼ 41) and 2) SNPs for which the obesity-associated allele was known or could be determined (n ¼ 38). For the remaining 3 SNPs, the obesity-increasing risk allele (e.g., A or G) was not reported in the original publication.
Genotyping, quality control, and imputation Genotyping was performed using the Affymetrix 6.0 array, which includes 906,602 SNPs. The Birdseed algorithm . Of the 38 BMI-associated variants selected for this study, 20 were directly genotyped with high quality, while the remainder were imputed as described below. We used the hidden Markov model as implemented in MACH 1.0 (http://www.sph.umich.edu/csg/abecasis/MaCH/) to impute the genotype for variants of interest that were not directly genotyped. Of the remaining 18 selected SNPs that were not directly genotyped, 15 showed high imputation quality, as measured by an Rsq value (an estimate of the squared correlation between imputed and true genotypes) greater than 0.3. Our average Rsq was 0.95. Thus, through either genotyping or imputation, we were able to evaluate the majority (35/38; 92.1%) of selected variants. To determine the number of unique loci these 35 SNPs represented, we used the SNAP (SNP Annotation and Proxy Search) server (Broad Institute, Cambridge, Massachusetts; http://www. broadinstitute.org/mpg/snap/ldsearch.php) to identify variants with r 2 > 0.3 (in CEU or CHB þ JPT populations). HapMap Phase II data were used as the reference, since these data contain a greater selection of SNPs. Any 2 SNPs with r 2 > 0.3 in the HapMap sample were considered to be in sufficient linkage disequilibrium to represent the same locus (i.e., they were not sufficiently independent to warrant artificially weighting the locus). In total, the 35 selected SNPs of interest were found to represent 26 distinct loci (Figure 1 ).
Statistical analysis
Statistical analysis was carried out using SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina). Unconditional logistic regression was used to calculate odds ratios and 95% confidence intervals for associations between genotypes and endometrial cancer risk, with adjustment for age, income, and education. Income and education were categorized into 4 and 5 strata, respectively, while age was a continuous variable.
We derived 2 genetic risk scores (GRSs) by summing the number of risk alleles. For imputed SNPs, we used dosage data to capture the probability of a given genotype. For variants that were directly genotyped or found by linkage disequilibrium to represent nonindependent loci, only 1 SNP per locus was included in the GRS calculations. The choice of which SNPs to include per locus was determined first by data source, selecting genotyped variants over imputed variants, and second by the significance of P values for BMI-or obesity-related traits as reported in the NHGRI GWAS catalog. GRS all was defined by summing the risk alleles, according to the original BMI GWAS report, of 26 SNPs that represented all BMI-selected loci. GRS sel was defined by summing the 7 selected variants that were significantly associated with endometrial cancer (P 0.05) in our study. The SNPs selected were a subset of those used for the calculation of GRS all , selecting 1 SNP per locus and summing the alleles associated with endometrial cancer. GRSs were analyzed both continuously and by categorizing them into quartiles based on the distributions among controls. Relations between GRS and BMI were evaluated by linear regression, whereas relations between GRS and endometrial cancer were evaluated by logistic regression. We evaluated joint effects and tested for the presence of multiplicative interactions of GRS sel with 3 major indicators of energy balance: BMI, exercise participation, and total energy intake. The probability that an endometrial cancer risk allele and a BMI risk allele have the same direction of effect or the probability of observing a larger number of significant associations (P 0.05) than would be expected by chance is a function of the binomial distribution (12) . We conducted a global test for the hypothesis that the risk alleles for BMIor obesity-related SNPs would have a higher frequency among endometrial cancer cases than among controls based on the probability of deviation from the binomial distribution, as well as a test evaluating whether the number of significant associations with endometrial cancer (P 0.05) was greater than expected for the number of loci tested.
All statistical tests were based on 2-sided probabilities, with significance determined by P 0.05.
RESULTS
Associations of selected demographic characteristics and known risk factors with endometrial cancer are shown in Table 1 . As expected, cases and controls differed in regards to age, income, education, BMI, waist:hip ratio, and other traditional risk factors for endometrial cancer. Table 2 presents the associations of GWAS-identified obesity-related SNPs with BMI in our study population. Ten variants in 4 gene regions (SEC16B, TRHR, FTO, and MC4R) were significantly associated with BMI ( Figure 2) . The probability of observing 4 of 26 loci with significant associations with BMI (at P 0.05) was significantly greater than expected by chance (P ¼ 0.039). Further, 26 of 35 SNPs associated with BMI traits by GWAS showed a consistent direction of association (as indicated by positive beta coefficients) with BMI in our study population (i.e., the BMI risk allele was the same as in the GWAS from which it was selected). For loci with more than 1 SNP identified in the NHGRI GWAS catalog, we selected 1 SNP to represent each locus (see Materials and Methods), resulting in a total of 26 unique loci. On this per-locus basis, 19 of 26 loci had consistent directions of association for BMI in both prior GWAS and our study population (binomial sign test: P ¼ 0.01). For all 10 SNPs in the 4 loci (2, 13, 21, and 25) that were significantly associated with BMI in our study (P 0.05), the directions of association were consistent with prior GWAS.
With regard to endometrial cancer, for 22 of the 26 loci (84.6%), the obesity risk allele showed a higher frequency among cases than among controls (P ¼ 0.0003). In addition, 9 of 35 SNPs (25.7%) were significantly associated with endometrial cancer (P 0.05) ( Table 3 ). For 8 of these 9 SNPs, the directions of association with endometrial cancer were consistent with reported associations for obesity (i.e., the obesity-related allele was the same as the one that increased the risk of endometrial cancer). These 9 SNPs represent 7 of the 26 loci evaluated. The probability of observing this number of significant results at P 0.05, based on the binomial distribution under the null hypothesis, was 0.0002. Two of the 4 loci associated with BMI in our population were also associated with endometrial cancer (locus 2, SEC16B/RASAL2 and locus 25, MC4R). Since these 2 loci were associated with both BMI and endometrial cancer, we examined the extent to which the inclusion of BMI in the regression analysis changed the resultant odds ratio for the SNPs at these loci. No significant differences were observed. In the only gene spanning more than 1 locus, FTO, 1 locus was associated with BMI (locus 21), and an independent locus within this gene (locus 20) was associated with endometrial cancer.
GRS all , based on 26 SNPs in unique loci, and GRS sel , based on 7 SNPs significantly associated with endometrial cancer in unique loci, were evaluated. Risk alleles were defined by previously reported BMI GWAS results for all variants included in GRS all . For GRS sel , risk alleles were those associated with endometrial cancer. In 6 of 7 loci, the endometrial cancer risk allele was identical to the BMI risk allele in the source GWAS from which it was selected. Both GRS all and GRS sel were positively correlated with BMI in our study (Table 4) , with beta coefficients of 0.07 and 0.04, respectively. Further, both types of GRS had stronger associations with BMI among controls than among cases, whether analyzed continuously or in quartiles based on distributions among controls.
The associations of GRS all and GRS sel with endometrial cancer were evaluated by logistic regression. Both GRS all (odds ratio (OR) ¼ 1.05, 95% confidence interval (CI): 1.02, 1.08) and GRS sel (OR ¼ 1.21, 95% CI: 1.14, 1.28) were significantly associated with endometrial cancer risk. With adjustment for BMI, these associations were somewhat attenuated, but they remained significant (OR GRSall ¼ 1.04, 95% CI: 1.01, 1.07; OR GRSsel ¼ 1.20, 95% CI: 1.13, 1.27). Categorical analysis showed that odds ratios across the 4 quartiles (lowest to highest) were 1.00, 1.25, 1.13, and 1.50 for GRS all and 1.00, 1.15, 1.31, and 1.96 for GRS sel . Additional adjustment for BMI did not appreciably alter these results.
The joint effect of energy balance-related variables (including BMI, energy intake, and exercise participation) and GRS sel on endometrial cancer risk was evaluated (Table 5) . Although there were no statistically significant interactions between energy balance-related variables and GRS sel , we found that persons who were in the higher categories of GRS sel and BMI or who did not exercise had higher odds ratios for endometrial cancer compared with persons in the lowest categories. For example, women in the highest quantiles of both GRS sel and BMI were 8 times more likely to have endometrial cancer than controls (OR ¼ 8.03, 95% CI: 4.78, 13.51), in comparison with women in the lowest quantiles.
DISCUSSION
To our knowledge, this is the first study to have systematically evaluated the shared genetic architecture between measures of obesity and endometrial cancer risk. Of the 35 GWAS-identified SNPs that are associated with high BMI, obesity, weight, or waist:hip ratio, associations with endometrial cancer were found for 9 SNPs (P 0.05), representing 7 loci (FTO, MC4R, MSRA, MTCH2, SEC16B, SOX6, and TMEM18). The number of endometrial cancer associations among BMI-related variants was significantly higher than would be expected by chance on the basis of the binomial distribution test, indicating that genetic variants associated with BMI are also involved in endometrial cancer. In addition, the direction of association with endometrial cancer for the majority of the variants evaluated (84.6%) was in agreement with the direction of association with BMI found by other GWAS. The binomial distribution test was highly significant, indicating that additional BMI-associated variants may be associated with endometrial cancer, even if they were not found to be significant in the current analysis. Our findings are in agreement with a recent report by Elks et al. (22) , in which 4 loci (i.e., FTO, SEC16B, TMEM18, and MTCH2) were also associated with age at menarche, a phenotype that is strongly related to both endometrial cancer risk and BMI. Notably, in our study, adjustment for BMI had little impact on these results, indicating that these SNPs capture more information on endometrial cancer risk than does current BMI alone.
Associations with both endometrial cancer and BMI were found for genetic variants at 2 loci: locus 2, near the SEC16B and RASAL genes, and locus 25, near the MC4R gene. In addition, locus 21 was associated with BMI and locus 20 was associated with endometrial cancer; both of these loci are near the FTO gene. The 2 strongest associations with endometrial cancer in this study were for loci in the FTO gene (locus 20, SNP rs6499640; P ¼ 0.0045) and near the MC4R gene (locus 25, rs17782313; P ¼ 0.0007). These 2 genes have been the subject of multiple reports of associations with BMI (12, 16, 17) . FTO, the fat mass and obesity-associated gene, has been detected as a locus affecting BMI in 13 independent GWAS (12, 23) . In addition, the FTO gene has been associated with diabetes in 5 independent GWAS (24) . FTO has 7 SNPs, of which 6 are within 1 locus by linkage disequilibrium, while the other is independent. The current study included the 6 single-locus SNPs, and the direction of a Frequency (proportion) of the GWAS risk allele in cases and controls. b BMI-or obesity-increasing risk allele identified in a prior GWAS (see Table 2 for study identification). c Odds ratio and 95% confidence interval for association with endometrial cancer, adjusted for age, income, and education. Positive values indicate that the BMI risk allele was the same between the GWAS and the SECGS.
d P value for association with endometrial cancer in cases and controls. e ''Yes'' indicates that the single nucleotide polymorphism was used in the calculation of GRS sel (see Materials and Methods). Table 2 for which the BMI-associated allele was known and was adjusted for age, income, and education. j GRS sel was calculated using the 7 SNPs indicated in Table 3 and was adjusted for age, income, and education.
the association with BMI was consistent between our study and previous GWAS. The seventh and independent SNP in the FTO gene, rs6499640, was not associated with BMI in our population but was strongly associated with endometrial cancer. This suggests that FTO may be involved in endometrial cancer via mechanisms other than obesity. MC4R, the melanocortin 4 receptor gene, has been associated with BMI and related body measurements in 8 independent GWAS and across multiple ethnic groups (25, 26) . In our study, 2 SNPs at this locus showed an association with endometrial cancer, with the strongest signal coming from rs17782313 (P ¼ 0.0007; OR ¼ 1.29, 95% CI: 1.11, 1.50). MC4R has been linked to both obesity and reproductive dysfunction (26) (27) (28) (29) (30) . A SNP near SEC16B/RASAL, rs10913469, was also associated with both BMI and endometrial cancer in our study. This locus was also recently associated with early age at menarche (22) , a strong risk factor for endometrial cancer (12) .
In our study population of Chinese women, other loci that were associated with endometrial cancer but had no statistically significant association with BMI included TMEM18, MSRA, SOX6, and MTCH2. Aside from rs10838738 at MTCH2, all other SNPs showed an association with endometrial cancer that was consistent with the directions of association with BMI reported in previous GWAS.
The GRS provides a measure of the combined genetic effect of obesity-associated loci on endometrial cancer risk. The GRS calculated in this study was associated with both BMI and endometrial cancer. The effect of the GRS on BMI is somewhat paradoxical: The accumulation of risk alleles as measured by GRS all showed that the positive correlation with BMI is driven chiefly by controls but modestly or significantly attenuated among cases. Two explanations seem plausible. First, these genetic variants may increase the risk of obesity initially, but then the disease itself, or its treatment, attenuates the effects among cases. Several common treatments for endometrial cancer may result in weight loss. These include hysterectomy (31), radiation therapy (32), and several common chemotherapeutic agents (33) . The second possibility is that the risk alleles comprising the GRS may influence the risk of endometrial cancer through mechanisms other than those related to obesity alone. The persistent significance of associations of the GRS with endometrial cancer risk after adjustment for BMI supports this explanation. It is noteworthy that although no statistically significant interactions were observed between the GRS and factors related to energy balance in our study, we did find that women with a high GRS and high BMI or no exercise participation were at substantially increased risk of developing endometrial cancer. These findings suggest the potential value of using genetic markers to identify populations at high risk of endometrial cancer for targeted prevention.
One limitation of our study is that it relied on the NHGRI GWAS catalog for identification of SNPs for inclusion. Because the threshold for entry of SNPs into the GWAS catalog is higher than that used for most association studies, a number of potentially interesting loci may have been missed. A further limitation is that data were not available for all originally selected SNPs, although the majority were captured (92.1%). In addition, BMI was measured at the time of interview for cases, which may not reflect women's prediagnosis weight due to the effects of either illness or treatment. Further, this study was carried out in a Chinese population with an average BMI of 23.4 in controls and 25.7 in cases. The results may not be directly generalizable to nonChinese populations. However, almost all of the risk factors for endometrial cancer found in this Chinese population were identical to those found in populations of European ancestry. Because the majority of GWAS-identified SNPs associated with BMI were identified in populations of European ancestry, associations between BMI-associated SNPs and endometrial cancer may be even stronger in those discovery populations. Nevertheless, our study also had many strengths. To our knowledge, this was the first population-based epidemiologic study to comprehensively evaluate GWAS-identified obesity markers in association with endometrial cancer risk. The vast majority of persons in our study population were of a single ethnic group, reducing the potential effects of population stratification. The relatively large sample size and the detailed exposure information allowed us to evaluate the joint effect of obesity-related genetic markers and energy balance measures on endometrial cancer risk. In summary, our study found strong evidence linking obesity and endometrial cancer at the genetic level. We also found that relations between BMI-associated variants and endometrial cancer risk appear to be independent of BMI, suggesting that genetic markers of obesity have value themselves, in addition to BMI, for defining women who may be at higher risk of endometrial cancer.
